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Avalanche photodiodes ͑APDs͒ operated biased above the breakdown voltage are the only available single photon detectors working with high quantum efficiency and picosecond time response in the near-infrared wavelength range, beyond the sensitivity cutoff of photocathodes. 1 Single photon sensitivity is achieved by driving the APD bias above the breakdown voltage V b , so that the first photogenerated carrier triggers a diverging avalanche current. The current leading edge is sensed by a fast discriminator which marks the photon arrival time. Silicon reachthrough structures with 30 m depletion layer reach 75% quantum efficiency at 850 nm with a photon timing precision of 170 ps full width at halfmaximum ͑FWHM͒.
2 A better time resolution, between 50 and 20 ps FWHM, is achieved with shallow junction devices with a depleted region about 1 m thick. 3 Due to their peculiar operation, any attempt to quantitatively assess the ultimate performance achievable with a given device structure would require a detailed computation of the avalanche transient. This task cannot be fully pursued with presently available computers, since the solution of the time dependent semiconductor continuity equations with both the avalanche and the optical generation rates in the above breakdown regime should be solved coupled to the Poisson equation. Therefore, the aim of our work was to develop a quantitative model of the avalanche dynamics in shallow junction APDs searching for a reasonable tradeoff between numerical complexity and physical accuracy. A similar approach has already succeeded to account for the performance of reachthrough devices. 4 First, we have simulated the avalanche transient in a shallow junction APD with a rectangular active area, and compared the results with the measurements already performed in our laboratory. 5 The device, shown in Fig. 1͑a͒ , has the y side 140 m long, and the z side of 14 m. The junction depletion region has V b ϭ16 V and extends in the x direction. In Ref. 5 it was suggested that the avalanche transient in a shallow junction device should follow these steps: ͑i͒ at the beginning, the junction is biased above V b , but no current flows until the first electron-hole pair triggers the impact ionization. ͑ii͒ The free-carrier density swiftly rises in the surroundings of the seed point and then ͑iii͒ the avalanche progressively spreads by transverse diffusion of carriers over the whole junction area, and the diode current rises, ͑iv͒ the space charge due to free carriers lowers the electric field at the breakdown value and the impact ionization process becomes self-sustaining. The external current reaches a steady state value given by the ratio between the excess bias above V b and the device series resistance.
In order to verify if this picture can quantitatively account for the experimental results, we have computed the current signal of the elongated device with a numerical simulator coupling the continuity equations for both electrons and holes to a fast FFT Poisson solver over a two-dimensional domain. In fact, due to the peculiar device geometry, the carrier dynamics along the z direction may be neglected, as was done in the previous qualitative model. 5 A few simplifying assumptions were adopted in the simulation in order to reduce the numerical effort. The boundaries of the space charge region were assumed equipotential, thus neglecting the slight change of the depletion layer width during the transient, and the Ohmic resistance path to the external contact was modeled with a single lumped resistance. In this way, the continuity and Poisson equations were solved only in the depleted region with well-defined boundary conditions. Moreover, taking into account that avalanching carriers move along the x direction at saturated velocity v s , along most of the depleted region, we have neglected the x component of the diffusion current. Instead, in the y direction, the electric field is orders of magnitude weaker and the carrier transport is dominated by diffusion. With these assumptions the electron transport equation in the depleted region becomes
where D n is the transverse diffusion coefficient for electrons and 1/ n and 1/ p are the carrier generation rates due to the impact ionization, related to the impact ionization coefficients by n ϭ1/␣v s and p ϭ1/␤v s . 6 A similar equation is the same for holes and it was self-consistently solved. Figure 1͑b͒ shows the hole density computed 200 ps after avalanche triggering in the center ͑0,0͒ of the device. Due to the symmetry of the solution, Fig. 1͑b͒ shows only the region yϾ0. In the region 0ϽyϽ8 m the free-carrier space charge has already lowered the electric field close to the breakdown value. The avalanche is self-sustaining and the free-carrier density has reached the steady state value. Close to yϭ10 m there is a carrier wavefront, which diffuses out of the avalanching region, moving transversely to the junction electric field. In the region yϾ11 m the avalanche has not yet been triggered. The peak of the hole density at yϭ10 m is due to a boundary space charge effect. Its value depends on the competing action of the impact ionization which increases the free-carrier density and their diffusion in the y direction.
The current waveforms were computed by triggering the avalanche in the center ͑0,0͒ of the device and at the edge ͑140,0͒. The computer results and the experimental data are compared in Fig. 2 . As it was already pointed out there is a dependence of the current signal on the point where the photon impinges. More precisely, the closer the impinging point is to the center, the faster is the avalanche rise time. In the previous analysis of the phenomenon, 5 measurements were well-fitted assuming that the spreading velocity of the diffusing wavefront was constant and given by the empirical formula vϭI f , where I f is the final steady state current flowing through the junction and is a constant equal to 3 m/ ns mA͒. This result was somewhat puzzling, since an approximate analysis has already led to the expression v ϭ2ͱD/ for the spreading velocity, where D and are the average carrier diffusion coefficient and the avalanche time constant, respectively. Note that during the current transient the voltage drop across the Ohmic series resistance increases, the junction bias correspondingly decreases and, therefore, the value is expected to be not constant at all. However, without a detailed simulation of the avalanche transient it was impossible to clarify this point. Our computed results show that the lateral spreading velocity during the avalanche transient is not constant. For the device shown in Fig. 1 it changes from vϭ50 m/ns to about 20 m/ns when the active area is almost completely activated. However, Fig. 2 shows that the computed waveforms still fit very well with the experimental data. Therefore, we can conclude that the empirical formula reported in Ref. 5 can only give an order of magnitude of the average spreading velocity but the avalanche spreading does not occur at a constant rate. This result will have impact on the design of new position sensitive single photon detectors, where the wavefront dependence on the point where the avalanche is triggered is used to detect the position where the photon impinges. 7 It can be questioned whether the number of carriers in the diffusing wavefront is high enough to neglect the statistics related to their random walk in the y direction and to their breakdown probabilities. These effects might cause a reduction in the spreading velocity of the wavefront and additional noise on the leading edge of the avalanche current. To investigate this point, we have developed a version of the simulation program where the diffusion walk and the avalanche multiplication were treated statistically. The spreading velocity obtained with this program was in agreement with the results obtained from the deterministic simulation for the excess bias of practical interest; therefore, the spreading statistics were neglected in the following. The effect of absorption of secondary emitted photons, which is the main spreading mechanism in large volume detectors, 4 was found to give only a minor contribution in large area SPADs.
The next step in our investigation was to develop a computer model able to simulate realistic devices, that is, a spreading process over a two-dimensional sensitive area. The basic idea was to describe the shallow junction detector as an ensemble of elementary diodes connected in parallel, of size ⌬ y and ⌬ z in the y and z directions ͑see inset of Fig. 3͒ . The current transient of each elementary device has been computed according to
where I i, j is the avalanche current, i, j is the multiplication time constant of the element in position i,j, and D is the average transverse diffusion coefficient of the carriers. The multiplication time constant can be approximately written as:
where K is the well-known ionization integral, F m and F b are the maximum and breakdown electric field at the junction of the element. The effects of space charge are included in the parameter i, j , which depends in turn on the avalanche current flowing only in the element i, j and not on adjacent elements. Therefore, in this simplified model adjacent diodes are coupled only by the diffusion term in Eq. ͑2͒ and there is no electrostatic coupling due to space charge effects. As a consequence, the carrier density does not show the peculiar peak just before the diffusing wavefront shown in Fig. 1 . However, we have verified that this discrepancy has negligible impact on the shape of the current wavefront. In fact, as the avalanche current increases, the charge in the transition region between the avalanching and the nonavalanching areas becomes only a few percent of the overall free charge in the depletion layer, giving only a slight contribution to the current. The model can also take into account single resistors in series at each element (R 2 ) as well as resistor paths common to all elementary diodes (R 1 ), and a stray capacitance ͑C͒ due to the junction guard ring and to the external bondings, thus describing better the detector geometry.
At first, we have verified that the simplified model, applied to the elongated device, accounted for the results of Fig. 2 . Then, we have tested the reliability of the model in the computation of the time resolution of realistic detectors. In timing measurements the photon can impinge everywhere on the detector area. The dependence of the current leading edge on the impinging position causes a jitter in the delay between the photon arrival to the detector and the time at which the current signal crosses the threshold of the timing discriminator. This effect limits the precision achievable in photon timing. Figure 3 shows the time resolution of circular devices with 8 and 22 m diameter, respectively, V b ϭ16 V and Cϭ4.5 pF, already tested in our laboratories. 5 The experimental results are compared with the time resolution obtained with the simplified model. At each bias, we computed the jitter of the crossing time by assuming that the photon can arrive with the same probability in any point of the detector area. The 150 MHz bandwidth of the circuit sensing the detector signal has been properly accounted for, together with minor contributions to the time resolution arising from the electronic noise, from the statistics of the first ionizing events, and from the traveling times of the first carrier photogenerated in the junction depletion layer. 9 The simulation results are in good agreement with the experimental values by taking for both detectors and for any bias ( 0 /n) equal to the theoretical value of 0.3 ps ͑Ref. 8͒ and Dϭ17 cm 2 /s, which is an acceptable value intermediate between those of the holes and electrons at high electric fields. 10 Based on these results we can conclude that the proposed model can be reliable tool in the investigation of the design rules of single photon avalanche diodes and for the optimization of their performance. Work is now in progress to define the structure of a new detector with a timing performance better than the record value of 20 ps FWHM.
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